Abstract. We consider two issues related to the 2011 Tohoku mega-earthquake: (1) what is the repeat time for the largest earthquakes in this area, and (2) what are the possibilities of numerical short-term forecasts during the 2011 earthquake sequence in the Tohoku area.
Introduction
The Tohoku, Japan, magnitude 9.1 earthquake (11 March 2011) and the ensuing tsunami near the east coast of the island of Honshu caused nearly 20,000 deaths and more than 300 billion dollars in damage, resulting in the worst natural disaster ever recorded (Hayes et al., 2011; Simons et al., 2011; Geller, 2011; . Several quantitative estimates of maximum possible earthquakes in subduction zones had been published before the Tohoku event (Kagan, 1997a; Kagan and Jackson, 1994; Bird and Kagan, 2004; Kagan et al., 2010) . In these publications the maximum size of these earthquakes was determined to be within a range m8.5 -m9.6. Two quantitative methods have been deployed to estimate the maximum size of an earthquake: a statistical determination of the magnitude-moment/frequency parameters and a moment conservation principle. The former technique employs standard statistical parameter estimation to evaluate two parameters of the earthquake size distribution: the b-value and the maximum magnitude (Kagan, 2002a; 2002b) . The second method works by comparing the estimates of tectonic deformation at plate boundaries with a similar estimate of the seismic moment release (Kagan, 1997a) .
The statistical estimate of the maximum magnitude for global earthquakes, including subduction zones and other tectonic regions, yielded the values m max ≈ 8.3 (Kagan and Jackson, 1994; 2000) . The moment conservation provided an estimate for subduction zones m max = 8.5 -8.7 ± 0.3 (Kagan, 1997a; 2002b) . The most important result by Kagan (1997a) is that the maximum earthquake size is the same, at least statistically, for all the studied subduction zones. Combined with the estimate of m max = 9.6 based on the analysis of global seismicity (Bird and Kagan, 2004) , this implies that for all major subduction zones the maximum earthquake magnitude should be greater than 9.0 (Kagan and Jackson, 2011b) .
Our forecasting technique is to establish a statistical model that fits the catalog of earthquake times, locations, and seismic moments, and subsequently to base forecasts on this model. While most components of the model have been tested (Kagan and Knopoff, 1987; Kagan, 1991; Jackson and Kagan, 1999; Kagan and Jackson, 2000; Kagan et al., 2010) , some require further exploration and can be modified as our research progresses. Our previous forecast model was based on constructing a map of smoothed rates of past earthquakes. We used the Global Centroid Moment Tensor catalog (Ekström et al., 2005, referred to subsequently as GCMT) because it employs relatively consistent methods and lists tensor focal mechanisms. The focal mechanisms allow us to estimate the fault plane orientation for past earthquakes, through which we can identify a preferred direction for future events. Using the forecasted tensor focal mechanism, it may be possible to calculate an ensemble of seismograms for each point of interest on the Earth's surface.
In Section 2 we consider two statistical distributions for the earthquake moment magnitude and show the magnitude-frequency relations for the Tohoku area. We evaluate the approximate recurrence interval for a m ≥ 9.0 earthquake for the Tohoku area of the order of 350 years (Section 3). Sections 3 and 4 show the long-and short-term earthquake forecasts during the Tohoku sequence. Section 4 illustrates the possibility of an operational type calculation of short-term earthquake rates for short intervals (a few days) after a major earthquake exceeding the long-term rates by 100-1000 times.
Earthquake size distribution
We studied earthquake distributions and clustering for the global CMT catalog of moment tensor inversions compiled by the GCMT group (Ekström et al., 2005; Ekström, 2007; Nettles et al., 2011) . The present catalog contains more than 33,000 earthquake entries for the period 1977/1/1 to 2010/12/31. The earthquake size is characterized by a scalar seismic moment
M.
In analyzing earthquakes here we use the scalar seismic moment M directly, but for easy comparison and display we convert it into an approximate moment magnitude using the relationship (Hanks, 1992) 
where C = 9.0, if moment M is measured in Newton m (Nm), and C = 16.0 for moment M expressed in dyne-cm as in the GCMT catalog. Since we are using the moment magnitude almost exclusively, later we omit the subscript in m W . Unless specifically indicated, we use the moment magnitude calculated as in (1) with the scalar seismic moment from the GCMT catalog.
The earthquake size distribution is usually described by the G-R (Gutenberg and Richter, 1954) magnitude-frequency relation
where N(m) is the number of earthquakes with magnitude ≥ m, and a and b are parameters: a characterizes seismic activity or earthquake productivity of a region and b describes the relation between small and large earthquake numbers, b ≈ 1.
The tapered G-R (TGR) distribution includes an exponential roll-off of frequency for moments near and above a value called the corner moment (Kagan, 2002a) . The taper ensures that the total moment rate is finite, and the value of the total moment rate depends strongly on the corner magnitude. For magnitudes, the tapered G-R relation can be written as log 10 N(m) = log 10 a − b (m − m t ) + 1 log (10) 10 1.5 (mt−mc) − 10
where m t is the threshold magnitude: the smallest magnitude above which the catalogue can be considered to be complete, m c being s the corner magnitude. For the standard twoparameter G-R distribution (2), the last two terms in the right-hand part of (3) are zero (m c → ∞).
In Fig. 1 3 Long-term earthquake forecasts during the Tohoku sequence Since 1977 we developed statistical models of seismicity which fit a catalog of earthquake times, locations, and seismic moments; and subsequently we base our forecasts on these mod-els. The forecasts are produced in two formats: long-and short-term (Kagan and Knopoff, 1977; Kagan and Jackson, 1994; Jackson and Kagan, 1999; Kagan and Jackson, 2000; 2011a) and presently they predict the earthquake rate per area, time, magnitude unit, and focal mechanism. Several earthquake catalogs are used in our forecasts, the GCMT catalog was used most frequently as it employs relatively consistent methods and reports tensor focal mechanisms. The forecasts including those for the north-west Pacific area covering Japan, are posted on our Web site: http://eq.ess.ucla.edu/∼kagan/predictions index.html .
Figs. 3 and 4 show long-term forecasts for the north-west Pacific area; one forecast is calculated before the 2011 Tohoku sequence started, the other one week after the megaearthquake. These forecasts are calculated around midnight Los Angeles time. Their description can be found in our publications Kagan and Jackson, 1994; 2000; . There is little difference between these forecasts -long-term forecasts do not depend strongly on current events. Plate 1 in Kagan and Jackson (1994) and Fig. 8a in Kagan and Jackson (2000) display previous forecasts for the same region. Appearance of both plots is similar to Figs. 3 and 4.
In Table 1 , we display earthquake forecast rates around the epicenter of the m7.4 Tohoku foreshock. The ratio of the short-to long-term rates (the last column) rises sharply both after the foreshock and after the mainshock. Conclusions similar to those in the previous paragraph can be drawn from Table 1 : the maximum long-term rates change only by a few tens of a percent. The predicted focal mechanisms are also essentially the same for the center of the focal area.
To calculate the earthquake long-term rates for the extended area we can integrate the tables over the desired surface, or as a better option, calculate an ensemble of the seismograms for each point of interest on the Earth's surface. This can be accomplished by using a forecasted tensor focal mechanism, such as shown in Table 1 . These seismograms can be used to calculate probable damage to any structure due to earthquake waves. Such calculations are superior in usefulness to earthquake hazard maps (such as the Japanese map shown, for example, by Geller, 2011 and . Hazard maps display an intensity of shaking estimated for one particular wave period, whereas synthetic seismograms allow calculating a probability of any structural damage or collapse, depending on the structure's mechanical properties.
Another advantage of earthquake rate forecasts is that they are easily tested for effectiveness (Kagan and Jackson, 2000; by comparing their predictions with future earthquakes. This testing information is readily available from earthquake catalogs. Hazard maps are more difficult to verify; data on the ground motion intensity are more scarce, especially in the less populated territories. Moreover, these maps may fail for two reasons: an incorrect seismicity model or an incorrect attenuation relation, thus it is difficult to find out the cause of poor performance.
As an illustration, using simple methods we make an approximate estimate of the longterm recurrence rate for large earthquakes in the Tohoku area. In the GCMT catalog, the number of earthquakes with M ≥ 5.8 in a spherical rectangle [35] [36] [37] [38] [39] [40] • N, 140-146
• E, covering the rupture area of the Tohoku event, is 109 for years 1977-2010 (Fig. 1) . If we assume that the corner magnitude is well above m9.0 (similar to m9.6 for subduction zones, see Bird and Kagan, 2004) , the repeat time for the m9 and larger events in this rectangle depends on the assumed b-value and is between 300 and 370 years.
Uchida and Matsuzawa (2011) suggest a recurrence interval for m9 events 260-880 years. Simons et al. (2011) propose a 500-1000 year interval. This interval estimate is partly based on the observation of the Jogan earthquake of 13 July 869 and its tsunami. Even if we assume that this Jogan event was similar in magnitude to the 2011 earthquake and no other such earthquakes have occurred meanwhile (see more discussion in Koketsu and Yokota, 2011) , for the Poisson occurrence the probability of such an interval is of the order 3-5%.
Moreover, the observation of only one inter-event interval does not constrain the recurrence time of these mega-earthquakes in a really meaningful way; the interval can be as small as a few hundred years or as large as tens of thousands of years. Only the moment conservation principle and the tapered G-R distribution (TGR) distribution provide a reasonable estimate for this interval.
Short-term forecasts
Figs. 5-8 display short-term forecasts for the north-west Pacific area produced during the initial period of the Tohoku sequence. Fig. 5 , calculated before m7.4 foreshock, shows a few weakly 'red' spots in those places where earthquakes occurred during the previous weeks and months. The short-term rate in these spots is usually of the order of a few percent or a few tens of a percent compared to the long-term rate (see also Table 1 ).
The predicted earthquake rates in the neighbourhood of the future Tohoku event increased strongly with the occurrence of a m7.4 foreshock (Fig. 6) . As Table 1 demonstrate, just before the Tohoku earthquake, the forecasted rate was about 100 times higher than the long-term rate.
The area of significantly increased probability covers the northern part of the Honshu
Island following the Tohoku mega-earthquake occurrence (Fig. 7) . The size of the area hardly decreased one week later (Fig. 8 ) mostly due to the Tohoku aftershocks.
Although only around 5-10% few shallow earthquakes are preceded by foreshocks, the results shown in Figs. 5-8 suggest that an operational earthquake forecasting strategy needs to be developed (Jordan and Jones, 2010; van Stiphout et al., 2010; Jordan et al., 2011) to take the increase of short-term rates into account.
Discussion
It is commonly believed that after a large earthquake the focal area of an earthquake "has been destressed" (see, for example, Matthews et al., 2002) thus lowering the probability of a new large event in this place, though it can increase in nearby zones. This reasoning goes back to the flawed seismic gap/characteristic earthquake model (Jackson and Kagan, 2011) . Kagan and Jackson (1999) showed that earthquakes as large as 7.5 and larger often occur in practically the same area soon after the occurrence of a previous earthquake. Table 2 displays pairs of shallow earthquakes m ≥ 7.5 epicentroid of which are closer than their focal zone size (an update of Table 1 by Kagan and Jackson, 1999, or Table 1 by Kagan, 2011 ). The Table includes three earthquake pairs (see # 3, 24, 25) of the Tohoku sequence and demonstrates that strong shocks tend to repeat in the focal zones of previous events.
Michael (2011) shows that earthquakes as large as m8.5 are clustered in time and space, thus
an occurrence of such a big event does not protect its focal area from the giant next shock. suggest the following forecast requirements: ideally a forecast should anticipate total economic and casualty losses due to earthquakes. Over a relatively short time period, earthquake damage would seemingly reach the maximum not for the rare very large events, but for the m7 − m8 shocks (England and Jackson, 2011) . But over long-term, expected or average losses would peak for the largest m8 − m9 events; though their rates are low, the total average damage for one event increases faster than the probability of these earthquakes decreases. Since the expected economic and other losses peak for the strongest earthquakes (Kagan, 1997b) , it is more important to predict disastrous earthquakes than small ones. However, the loss calculations (Molchan and Kagan, 1992; Kagan, 1997b ) are very uncertain, because major losses are often caused by unexpected secondary earthquake effects. Therefore, a prediction of the largest earthquakes is important, hence prediction schemes that do not specify the earthquake size are of restricted practical use. However, if the maximum earthquake is over-predicted, it diverts resources unnecessarily .
Any forecast scheme that extrapolates the past instrumental seismicity record would predict future moderate earthquakes reasonably well. However as the history of the Tohoku area shows, we need a different tool to forecast the largest events. In our forecasts we consider the earthquake rate to be independent of the earthquake size distribution, so the latter needs to be specified separately.
As indicated earlier, the seismic moment conservation principle can provide an answer to the above questions. The general idea of the moment conservation was suggested some time ago (Brune, 1968; Wyss, 1973) . However, without the knowledge of the earthquake size distribution, the calculation of the maximum earthquake moment size (m max ) is still difficult and leads to uncertain or contradictory results. The classical G-R relation is not helpful in this respect because it lacks the specification of m max . Only a modification of the G-R law, that introduces the limiting upper moment could provide a tool to quantitatively derive m max or its variants. Kagan and Jackson (2000) and Kagan (2002a Kagan ( , 2002b propose such distributions defined by two parameters, β and variants of m max .
The application of these distributions allows us also to solve the problem of evaluating the recurrence period for these large earthquakes. Determining the maximum earthquake size either by historical/instrumental observations or by the qualitative analogies does not provide such an estimate: a similar earthquake may occur hundreds or tens of thousand years later. Fig. 1 shows how using statistical distributions may facilitate such calculations.
As we discussed in Kagan and Jackson (2011b) , the moment conservation principle allows to quantitatively determine the maximum earthquake size. In this respect area-specific calculations provide a more precise size evaluation for many tectonic zones and, most im-portantly to show that the subduction zones could have the same maximum earthquake size (Kagan, 1997a) . Although the determination of m max by comparing tectonic and seismic rates is not yet sufficiently accurate for our purposes, giving m max in the range of 8.5 to 9.7, comparing these estimates to the number of largest earthquakes in the subduction zones during the last 110 years definitely argues for the larger of the above values.
In conclusion, we would like to determine the upper magnitude limit for the subduction zones as well as recurrence intervals for such earthquakes. For the tapered G-R (TGR) distribution Bird and Kagan (2004, Table 5 ) determined that m cm = 9.58 +∞ −0.23 , and the 95% upper limit m cm = 10.1. For the sake of simplicity we take m max = 10.0. Calculations similar to Eq. 8 by Kagan and Jackson (2011b) can be made to obtain an approximate estimate of the average inter-earthquake period. The return period can be estimated from Fig. 1b by Kagan (2002a) or Eq. 3 as it differs from the regular G-R law: for the TGR distribution cumulative function at m c is below the G-R line by a factor of e. Thus, for the TGR distribution, the recurrence time for the global occurrence of the m ≥ 10.0 earthquake is about 475 years. Of course, the distributions in these calculations are extrapolated beyond the limit of their parameters' evaluation range, but the above recurrence periods provide a rough idea how big such earthquakes can be and how frequently they can occur worldwide.
For Flinn-Engdahl (Flinn et al., 1974) #19 zone, which includes Japan, the m ≥ 10.0 earthquake could repeat in about 9,000 years for the TGR distribution. The rupture length of the m10.0 event can be estimated from Fig. 9 by Kagan and Jackson (2011b) : at about 2100 km it is comparable to the 3000 km length of zone #19. These long recurrence periods indicate that it would be difficult to find displacement traces for these earthquakes in paleoseismic investigations.
• 1. The major cause for excessive fatalities and economic losses during the worst global natural disaster in the Tohoku-Oki area was a gross under-estimation of the maximum earthquake magnitude (m max ) and its recurrence interval.
• 2. Long-term forecasts based on the optimal smoothing of seismicity in and around Japan suggest that the recurrence period for the m9 earthquakes is of the order of 350 years in the Tohoku area.
• 3. Short-term forecasts can provide time-dependent information for aftershocks occurrence. In some cases, if foreshocks are present, as in the Tohoku sequence, mainshock rates can be predicted. Therefore, these forecasts can be used for developing an operational earthquake forecasting strategy. The short-term forecast rate for the NW Pacific calculated March 10, 2011, after the m7.4 foreshock, just before the Tohoku m9.1 mainshock -at the foreshock epicenter the short-term rates are about 100 times higher than the long-term rates. 24
Northwest Pacific short-term forecast: 1977-Today -12 -10 -8 -6 -4 -2 0 Log 10 probability of earthquake occurrence, M w > 5.8, eq/day*(100km) 2
Figure 7:
The short-term forecast rate for the NW Pacific calculated March 11, 2011, immediately after the m9.1 mainshock, the short-term rates are about 1000 times higher than the long-term rates.-10 -8 -6 -4 -2 0 Log 10 probability of earthquake occurrence, M w > 5.8, eq/day*(100km) The short-term forecast rate for the NW Pacific calculated March 17, 2011, a week after the m9.1 mainshock, the short-term rates are about 100 times higher than the long-term rates.
